by HIV by binding to the high mannose glycans expressed on the envelope glycoprotein of HIV (17, 30) . Further, MBP synthesis by liver is induced as part of the acute-phase response (28) and its in vitro synthesis also appears to be upregulated by cytokines (Ezekowitz, R. A. B., unpublished data) . We hypothesized that MBP would serve an opsonic role in serum and thereby enhance clearance of mannoserich pathogens by phagocytes .
We investigated this idea using strains of salmonella that vary in the amount of mannose within their cell wall LPS. Enteric Gram-negative bacteria bear LPS containing one copy per molecule of lipid A and core oligosaccharide regions, and a variable number of 0-polysaccharide repeating units extending from the coreoligosaccharide. In Salmonella montevideo, each repeating subunit contains four mannose residues with one galactose and one N-acetylglucosamine (31) . Enteric bacteria that lack 0-polysaccharide (rough phenotype) are generally avirulent. These organisms are readily cleared from the circulation ofexperimental animals, are avidly ingested by phagocytes, perhaps due to direct binding to adhesion molecules on the phagocyte surface, and are directly killed by complement. A critical density of 0-polysaccharide (smooth phenotype) masks cognate epitopes on the outer membrane for cell surface phagocyte adhesion molecules (4), outer membrane-specific bacteriophages (32) , and core-specific antibodies (33) . Perhaps more importantly, the 0-polysaccharide confers resistance to complement-mediated killing (reviewed in reference 34) . Enteric bacteria bearing 0-polysaccharide within LPS are relatively resistant to host defences and therefore provide a physiologically relevant target to test our proposed role for MBP in host defence .
In this report we demonstrate that purified native and recombinant MBP bind to wild-type S. montevideo expressing the mannose-rich 0-polysaccharide . Interaction of MBP with these organisms results in attachment, uptake and killing of the opsonised bacteria by phagocytes . MBP does not bind to a Salmonella mutant that is incapable of synthesizing complete LPS in the absence of added galactose and mannose . However, when this mutant is growth with exogenous D+ galactose and D+ mannose, complete LPS-containing mannose-rich 0-polysacchride is synthesized, and the organism is readily opsonized by MBP.
Materials and Methods
Reagents. D-mannose, ferricytochrome c, n-galactose, yeast mannan, PMA were obtained from Sigma Chemical Co., St. Louis, MO. '[H]-D-glucose and 1251 sodium iodide were obtained from Amersham Corp. (Arlington Heights, IL).
Purification of Human MBP. MBP was isolated from serum as described (26, 29) . Briefly, plasma from ill patients undergoing plasmapheresis was recalcified to 20 mmol CaC12 and incubated with mannan-Sepharose beads overnight at 4°C. After extensive washing, the column was eluted with 10 mmol Tris, 2 mmol EDTA and the peak was identified. After recalcification, the pooled samples were passed down a smaller mannan-Sepharose column and eluted with Tris-buffered saline plus 10 mmol calcium chloride (TBS-CaC12) + 50 mmol D-mannose . The purity of the eluted protein was assessed on an 117o SDS-polyacrylamide Laemmli gel and biological activity assayed by using '25 Nabeled mannose-BSA glycoconjugate as described (35) .
Preparation of Cells . Polymorphonuclear leukocytes (PMNs) were isolated from peripheral blood ofhealthy volunteers and neutrophils were separated on a Ficoll hypaque gradient and were further purified from the pellet by hypotonic lysis of erythrocytes as described (10) .
Monocytes were purified on a Ficoll hypaque gradient and further purified from other mononuclear cells by agglutination at 4°C and passage through a 3-ml column of FCS . Analysis of the population revealed <l0o7o CD3' cells and >90To of cells expressed mature macrophage marker LeuM3 . In some experiments, monocytes were further purified by adherence on glass Labtek slides as described elsewhere (10) .
Bacterial Strains. Wild-type Salmonella montevideo (strain SH5770, tm-mv hybrid rfc 0-6, 7) (provided by Helena Mi kela, National Public Health Institute, Helsinki, Finland) was cultivated overnight at 37°C in 5 ml of LB broth . The strain produces a mannose-rich 0-polysaccharide within its LPS (31) . The bacterial culture was diluted 1 :10 in fresh LB broth and grown in the presence of 50uc/ml [3 H]glucose . At midlog phase (OD66o = 0.5, 4-5 x 10 8 CFU/ml) the cells were washed three times in HBSS plus 0 .1% gelatin containing 10 mmol CaC12 (GHBSS) . The bacteria were then resuspended in 2 ml of GHBSS to a specific activity of 5 x 105 cpm/5 x 108 bacteria . A mutant of S. montevideo (SL5222 mv-P14, lysogen
Hbc pmc462, gal E715) (36) was used in some experiments. This strain is deficient in UDP galactose epimerase and phosphomannose-isomerase . When grown in the absence of exogenous galactose or D+mannose, these mutations prevent, respectively, the synthesis of complete core oligosaccharide and 0-polysaccharide, resulting in production of a rough Rc chemotype isolate . This rough strain is nonpathogenic and susceptible to complement lysis (34) . When SL5222 is in the presence of 5 mmol mannose and 5 mmol galactose, complete core oligosaccharide is produced . The 0-polysaccharide is identical to the wild-type strain SH5770 .
For experiments reported here, we compared SL5222 grown in the absence or the presence of galactose and mannose. To standardize assays and to prevent piliation, only bacteria in the log phase of growth were used . Electron micrographs of representative samples of bacteria revealed the absence of pili (not shown), thereby avoiding the possible complication of lectin phagocytosis (37) .
Binding ofMBP to Bacteria. 200 tut of GHBSS containing 10' bacteria was prepared . The bacteria were then incubated at 4°C with 20 lug/ml of purified native human MBP or 1 Fig/ml of recombinant human MBP (described below) . Binding assays were done in the presence or absence of 10 mg/ml of yeast mannan that binds MBP with high affinity and serves as a competitive inhibitor. After incubation for 30 min, the bacteria were washed five times in GHBSS + 10 mmol CaC12 at room temperature in a microfuge at 1,300 g for 3 min . Thereafter, a 1 :1,000 dilution of rabbit anti-human MBP antiserum was incubated with the bacteria for 1 h in PBS + 5% FCS and 10 mmol CaC12 and then the bacteria were washed three times in GHBSS + 10 mmol CaC12 plus 0 .05% Tween 20 . Binding of anti-human MBP to bacteria was detected by a 1 :1,000 dilution of goat anti-rabbit IgG conjugated to rhodamine (Fisher Pharmaceuticals, Orangeburg, NY) . After incubation, the bacteria were washed five times in GHBSS + 10 mmol CaC12 plus 0 .05% Tween 20, smeared onto glass slides and allowed to air dry. Thereafter, bacteria were fixed with 100% ice cold methanol for 5 min . A rabbit antiserum raised against SH5770 served as a positive control for binding of primary step antibody. Negative controls included the absence of MBP, no first step antibody, and preincubation of MBP with mannan before addition to the bacteria. Numerous fields of triplicate assays were examined by fluorescence microscopy.
Association ofRadiolabeled Bacteria with Cells. 10' radiolabeled wild-type and mutant strains of bacteria were resuspended in 200 pl of GHBSS + 10 mmol CaC12 and were incubated with varying concentrations of native MBP ranging from 2 ug/ml to 40,ug/ml at 4°C for 30 min . In all assays some aliquots of MBP were preincubated with 10 mg/ml yeast mannan before addition to the bacteria . The bacteria were then washed three times in GHBSS + 10 mmol CaC12 for 3 min at room temperature in a microfuge at 1,300 g, resuspended in 50,ul of GHBSS and added to a 1-ml suspension containing either 10 6 PMNs or monocytes (GHBSS) . The bacteria and phagocytes were gently rocked at 37°C for 20 min and thereafter the unattached bacteria were removed by five washes using differential centrifugation at 82 g in a microfuge . Before the last wash, an aliquot from each sample was plated on a Labtek slide and cells were adhered for 10 min, fixed in methanol, stained with Geimsa, and scored by light microscopy. To score the cells plated on the Labtek slides, at least 400 cells were counted . The phagocytic index represented the number of attached or ingested particles per 100 PMNs. The pellet from above containing cells and radiolabeled bacteria was then lysed in 100 A.1 PBS + 0.5% Triton X-100 and the radioactivity was measured in a scintillation spectometer (Packard Instrument Co., Inc., Downer's Grove, IL). Nonspecific radioactivity of the buffer alone was subtracted. All assays were performed in triplicate. Bacterial Killing. To assess whether opsonization ofS. montevideo SH5770 by MBP enhanced the killing of bacteria by PMNs and monocytes, we performed a bacterial killing assay that is a slight modification on a method described by C. Farber and C. Nathan (manuscript in preparation). Bacteria were grown up to midlog phase (OD62o = 2.0 x 109 CFU/ml) and 3.0 x 108 CFU were incubated at 4°C for 30 min with either MBP (10 hg/Al) or MBP (10 Icg1jAl) + mannan (10 mg/Al) . Bacteria, bacteria + MBP, or bacteria + MBP + mannan were washed twice and resuspended in 20 I1 of GHBSS and added to 2 x 106 PMNs or monocytes that had been plated in a 96-well plate to make up a final volume of 50 11. Three wells were prepared for each time point and the plate was incubated on a shaking platform at 37°C for either 1 or 2 h. For time 0, control bacteria alone were incubated in triplicate . At the appropriate time, 200 Fcl of ice cold water containing 0.1% Triton X-100 was added per well. The contents of each well were agitated by repeated pipetting and then 22 JAI was removed from each row using a multiloader pipetteman and added to a second microliter plate containing 200 Fcl of M63 medium (7 g potassium phosphate [dibasic], 3 g potassium phosphate [monobasic], 2 g ammonium sulphate, 0.5 ml of ferrous sulphate solution [1.83 mg/ml]) . By repeating this step a fivefold dilution was prepared . Then 20 pl of each serial dilution was plated in duplicate on LB agar plates and incubated overnight at 37°C. Colonies were quantitated in those dilutions that had grown 30 to 300 CFU. The log of CFU/ml was calculated and subtracted from the control which was bacteria alone.
Superoxide Assays . The ability of S. monteaideo SH5770 opsonized by MBP to trigger superoxide release by 106 PMNs or monocytes was measured by a discontinuous assay of superoxide dismutase-inhibitable reduction of ferricytochrome c, as previously described (10), or histochemically by reduction of nitroblue tetrazolium (10) .
Preparation of Recombinant Human MBP. A truncated cDNA representing the coding region of the human MBP was inserted into the Eco RI site of the polycistronic expression vector, pMTADA (38) (a gift from Dr. R. Kaufman, Genetics Institute, Cambridge, MA 02140) . Chinese Hamster Ovary cells were transfected with the vector containing the MBP coding region by protoplast fusion using polyethylene glycol 1000 (J . T. Baker Chemical Co., Phillipsburg, NJ) . Transfectants were selected and amplified as described (38) . Four clones synthesized recombinant MBP as assessed by RNA analysis and immunoprecipitation of radiolabeled supernatants with antibody to MBP (not shown). Cells from one clone were expanded and grown to confluence in ten 100-mm tissue culture dishes . Thereafter the fetal calfcontaining medium was removed and the cells were incubated overnight with DME plus 1% BSA . Recombinant MBP was purified from 100 ml of pooled medium collected from the 10 dishes by elution from a mannan-Sepharose affinity column with TBS-CaC12 and 50 mmol mannose . The purity of the material was assessed by PAGE and immunoblot as described (29) .
Results
Human MBP Binds Selectively to Salmonella monteaideo SH5770 Bearing Mannose-rich 0-antigen Polysaccharide. We first sought to assess MBP binding to wild-type and mutant strains of S. monteaideo varying in mannose content within LPS. The results shown in Fig. 1 A demonstrate that MBP selectively recognizes SH5770, which has a mannose-rich polysaccharide . The binding of MBP is abrogated by preincubation of MBP with mannose-rich yeast mannan (Fig . 1 C) . Interestingly, if mannan and MBP are added simultaneously to the bacteria, only partial inhibition of MBP binding is observed (not shown). This suggests that the configurations of high mannose on yeast mannan and bacteria are recognized with similar affinity by MBP. The SL5222 mutant of S. monteaideo, when grown in the absence of galactose and mannose and hence lacking complete core oligosaccharide and all O-polysaccharide is not recognized by MBP (Fig. 1 E) . When grown in the presence of galactose and mannose, however, these bacteria synthesize complete core oligosaccharide and an 0-polysaccharide identical to wild type bacteria and are recognized by MBP (Fig. 1 G) . SL5222 grown in galactose alone permitting complete core oligosaccharide synthesis showed dim fluorescence . SH5770 alone in the absence of MBP displayed no specific fluorescence (not shown) .
MBP-dependentBindingand Uptake ofS. montevideo SH5770 by PMNs. We next sought to determine if MBP mediated binding of mannose-rich S montevideo to neutrophils. Approximately 10' radiolabeled SH5770 (mannose-rich O-polysaccharide) were preincubated with increasing amounts of MBP and added to 10 6 PMNs . After 20 min at 37°C the non-cell-associated bacteria were removed by differential centrifugation and cell-associated radioactivity was measured . MBP enhanced the binding and uptake of bacteria in a dose-dependent manner that was maximal at 30 fig/ml of MBP (Fig. 2) . These results were highly reproducible and are representative of nine independent assays using multiple batches of MBP. Preincubation of MBP with 10 mg/ml yeast mannan competitively inhibited the ability of MBP to bind the bacteria ( Fig . 1) and abrogated the opsonic role of MBP. Association of bacteria with cells was also assessed visually on preparations stained with Wrights/Giemsa . Bacteria opsonised by MBP had a phagocytic index (number of cell associated bacteria/100 PMN) of 740 ± 50 compared with 55 ± 15 forbacteria alone. Although the majority of cell associated bacteria appeared to be intracellular, we did not attempt to rigorously distinguish between attached and ingested organisms.
MBP Mediates Binding and Uptake of SL5222 Mutants Only if They Are Grown in the Presence of Exogenous D ( + ) Mannose and D + Galactose. The requirement for mannose within the 0-polysaccharide for binding of MBP-coated Salmonella to PMN was tested next . SL5222 is a mutant (described in Materials and Methods) which when grown in the absence of exogenous galactose and mannose has a "rough" phenotype and is not recognized by MBP (Fig . 1 E) . We, like others (4), found that these bacteria bind directly to PMNs but are poorly phagocytosed in the absence of serum (Fig . 3 A) . In addition, we show that this binding is not enhanced by MBP and is unaffected by mannan (Fig . 3 A) . However, if SL5222 is grown in the presence of galactose and mannose, the core oligosaccharide is covered by the mannose-rich 0-polysaccharide (smooth LPS phenotype) and direct recognition by PMNs is greatly reduced (Fig. 3 B) . Addition of MBP, which binds directly to SL5222 grown under these conditions (Fig . 1 G) enhances bacterial binding and uptake fivefold by PMNs (Fig . 3 B) . Total uptake in the presence of MBP was similar to that described above for the wild-type SH5770 strain of S. montevideo-bearing MBP The MBP-dependent binding and uptake of bacteria is in large part inhibited by preincubation of MBP with 10 mg/ml of mannan .
MBP Enhances Uptake and Binding of SH5770 by Monocytes. We next assessed the (A) MBP does not affect attachment of Salmonella SL5222 grown without mannose and galactose (rough LPS phenotype) . (B) Salmonella SL5222 when grown in the presence of galactose and mannose, has a mannose-rich 0-polysaccharide that reduces direct recognition by PMNs . However, 20 ug/ml of MBP enhances binding and uptake of these bacteria. The MBP dependent opsonization is inhibited 50% by 10 mg/ml of yeast mannan . The results shown are the mean determinants of triplicate samples for each treatment from one experiment and are representative of six independent experiments.
MBP-dependent binding and uptake of wild-type S monteaideo SH5770 by human monocytes. Fig. 4 shows that 20 Wg/ml of MBP significantly enhanced the uptake of SH5770 by monocytes in suspension and this activity was almost entirely abrogated by preincubation ofMBP with 10 mg/ml ofmannan. In some experiments the monocytes were adhered for 1 h on glass Labtek slides . Thereafter the nonadherent cells were removed and bacteria were added after preincubation with or without MBP in the presence or absence of mannan. Quantitative analysis using radiolabeled bacteria gave similar results (data not shown) to suspension assays,, as shown in Fig.  4 . There were at least five MBP opsonized bacteria associated with the vast majority (90%) of monocytes, as detected by specific immunofluorescence (Fig. 4, inset) . No phagocytosis was observed if MBP was omitted.
Recombinant Human MBPIs an Opsonin. The ability ofrecombinant MBP to serve as an opsonin was tested next. The MBP mRNA in stably transfected CHO overnight with medium containing excess unlabeled cysteine and methionine and immunoprecipitation with anti-MBP antibody revealed a 32-kD under protein reducing conditions. Supernatant containing recombinant MBP was collected under serum-free conditions from CHO cells that stably expressed MBP and MBP was purified on a mannan sepharose column . The eluted material co-migrated with native protein purified from serum at an apparent molecular weight of 32 x 103 (not shown) .
Like native MBP, recombinant MBP bound specifically to SH5770 (Fig. 11 ) and binding was inhibited by 10 mg/ttl of yeast mannan (not shown) . Radiolabeled bacteria were then preincubated with rMBP with and without mannan and added to PMNs. rMBP, like the native MBP, enhanced the uptake of S. montevideo into monocytes (Fig. 5) and activity was totally abrogated in the presence of 10 mg/ml of yeast mannan. The above results indicate that rMBP is functionally equivalent to native MBP in binding to and opsonizing S. montevideo for ingestion by PMNs. S. Montevideo Opsonized with MBP Trigger the Respiratory Burst. The capacity ofMBP to elicit an oxidative burst from PMNs was tested . Respiratory burst activity was determined histochemically in individual cells by means of nitroblue tetrazolium reduction assays . S Montevideo opsonized with MBP scored positive (Fig . 6 A) , but no activity was observed when cells were incubated with bacteria alone (Fig. 6 C) or MBP alone (Fig. 6 B) . Quantitative assays of superoxide production by pooled cells revealed that S Montevideo opsonized with MBP resulted in the release of 12 t 3 nmol 02/106 PMNs for 5 min, whereas PMNs incubated with either bacteria or MBP alone did not release any detectable superoxide . The maximum release triggered by PMA was 29 ± 2 nmol 02/106 PMNs for 5 min.
MBPEnhances Killing ofS Montevideo by PMNs. We next determined whether phagocyte killing of MBP opsonized bacteria was enhanced . Opsonization ofS Montevideo by MBP resulted in a 1.8 t 0.2 and 1.6 t 0.1 log killing by PMNs and monocytes respectively after 1 h incubation at 37°C (Fig. 7) . In the absence of phagocytes, MBP agglutination of bacteria did occur to some extent . This may account for the small but reproducible reduction in CFU/ml from 3.0 x 108 at time 0 td 2.5 x 108 CFU/ml at 1 h. There was measurable but low killing of bacteria in the presence of phagocytes and in the absence of MBP No enhanced killing was observed at the 2-h time point and mannan abrogated the MBP effect (not shown) .
Discussion
In this study we demonstrate that purified human MBP and recombinant human MBP bind selectively to wild-type S Montevideo that expresses a mannose-rich 0-polysaccharide . In contrast, MBP does not bind to nonpathogenic mutants of S Montevideo that lack the mannose-rich 0-polysaccharide within LPS. MBP enhances attachment, ingestion, and killing of the bacteria by phagocytes, suggesting that MBP has a role in host defense against pathogens bearing surface-exposed mannose residues.
The selective binding of MBP to the mannose-rich 0-polysaccharide of LPS is evident from the experiments with mutant strains of S. Montevideo that lack the enzymes galactose epimerase and phosphomannose-isomerase. When grown in the absence of exogenous D+ galactose or D+ mannose, these bacteria are unable to assemble polysaccharide side chains (36, 39) on their outer surface and do not bind to MBP (Fig. 1 E) . However, if exogenous substrate is added, they assemble a mannoserich 0-polysaccharide that is similar to the wild type S. montevideo and are recognized by MBP (Fig. 1 G) .
The 0-polysaccharide confers resistance to the bacteria against several host defense mechanisms . It masks the determinants on the LPS that mediate direct recognition by phagocytes (4). 0-polysaccharide decreases access to core-specific antibodies and phages (33, 40) and confers resistance to complement-mediated lysis (39) . However, presence of the 0-polysaccharide is an absolute requirement for substantial MBP opsonization and illustrates the physiological role for MBP in host defense. Killing of the organisms can be explained in large part by the release of reactive oxygen metabolites to which the bacteria are known to be sensitive.
MBP appears to selectively recognize high mannose glycans found on the surface of bacteria, yeasts, and the envelope glycoprotein of certain viruses, such as HIV (41) . The engagement of ligand may result in a conformational change of the MBP molecule, like Clq (42), to which it has an analogous structure (27, 28) , thereby enabling recognition by cell surface receptor(s) . In the absence of ligand, MBP does not bind to the surface of cells implying that the configurations of carbohydrates normally exposed on cell surface glycoproteins are not recognized by MBP This selectivity contrasts with nonvertebrate mannose lectins, like the plant lectin Con A (43) and mannose-sensitive bacterial adhesins found on the pili of some stationary phase bacteria (37) . It is not surprising that the binding specificities of Con A and MBP should differ as these two proteins bear no structural homology (28, 44) to one another and illustrate that the vertebrate host defense molecule has a more defined specificity than its more primitive counterparts, Con A and bacterial adhesins .
As yet we have not identified the cellular receptor or receptors that mediate uptake of MBP opsonized bacteria . The structural analogy of MBP with the first complement component Clq suggests that the Clq receptor (45, 46) may be a likely candidate as are members of the integrin family of molecules to which CR3 belongs (47) . Experiments are in progress to assess the relative contributions of these and or other receptor(s) in MBP-mediated phagocytosis .
Although the experiments with MBP reported in this manuscript were performed in the absence of serum, MBP most likely functions in conjunction with other serum molecules in host defense. In particular, MBP is able to enhance complement deposition on mannan-treated erythrocytes (48), suggesting a cooperative role for MBP and complement . Furthermore, MBP enhances complement deposition on mannose bearing isolates of Salmonella (Schweinle, J., A. Ezekowitz, M. Kuhlman, and K. Joiner, manuscript submitted for publication) . These results emphasize that in the bloodstream and at inflammatory sites MBP and complement molecules most likely cooperate in opsonization and clearance of particles by phagocytic cells.
This study demonstrates that vertebrate lectin-like proteins that recognize certain configurations of mannose oligosaccharides have a key role in host defense against some microorganisms. MR' macrophages form a lattice beneath epithelial surfaces guarding the portals of maximum antigen entry. In these and other tissue sites, the MR' macrophages may bind and ingest pathogens directly. Since circulating phagocytes do not express the MR, the MBP serves an analogous function in the serum. This acute-phase reactant directly mediates recognition and killing of mannoserich pathogens by neutrophils and monocytes.
Summary
The human mannose-binding protein (MBP) is a multimeric serum protein that is divided into three domains : a cysteine-rich NH2-terminal domain that stabilizes the a-helix of the second collagen-like domain, and a third COOH-terminal carbohydrate binding region. The function of MBP is unknown, although a role in host defense is suggested by its ability to bind yeast mannans . In this report we show that native and recombinant human MBP can serve in an opsonic role in serum and thereby enhance clearance ofmannose rich pathogens by phagocytes. MBP binds to wild-type virulent Salmonella montevideo that express a mannose-rich 0-polysaccharide. Interaction ofMBP with these organisms results in attachment, uptake, and killing of the opsonized bacteria by phagocytes . These results demonstrate that MBP plays a role in first line host defense against certain pathogenic organisms.
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